A B S T R A C T Salicylamide is metabolized in man by biotransformation to salicylalmide glucuronide, salicylamide sulfate, and gentisamide glucuronide. The metabolites are quantitatively and rapidly excreted in urine. Study of the metabolism of this drug in volunteers during episodes of pyrogen-induced fever shows a significant reduction in the half-life (ti) of the excretion of the drug metabolites. The proportion of the drug transformed to its major metabolite, salicylamide glucuronide, is significantly reduced by fever, with concomitant increase in the proportion of one or both of the other metabolites. Thus, the pattern of urinary metabolites of salicylamide is altered. The shortened ti of the metabolite excretion is probably due to increased hepatic and renal blood flow known to accompany pyrogen-induced fever. This concept was supported by the observation that when two subjects were placed in a high-temperature environmental chamber, a condition in which hepatic and renal blood flows are known to diminish, the ti of salicylamide metabolite excretion actually increased. No simple explanation exists to explain the changed metabolite pattern noted during febrile periods. It is most likely to be due to complex interactions between the direct or indirect effects of the pyrogens and the factors affecting the hepatic biotransformation of drugs.
INTRODUCTION
Despite the widespread use of pharmacological agents such as analgesics, antipyretics, antibiotics, and antimetabolites in diseases associated with fever, little is known of the effect of fever on the disposal of drugs in man. We have studied the metabolism of salicylamide in normal volunteers before and after induction of artificial fever by administration of etiocholanolone or endotoxin (1) (2) (3) . Salicylamide (o-hydroxybenzamide) is an amide Received for publication 22 Dceniber 1971 and in revised form 20 May 1972. derivative of salicylic acid that has mild analgesic and antipyretic properties. It is rapidly absorbed from the gastrointestinal tract after oral ingestion (4, 5, 6 ) and undergoes biotransformation primarily to its ether glucuronide and ester sulfate (7, 8) . A small proportion of the drug is metabolized to gentisamide glucuronide (7, 9) . All metabolites ( Fig. 1) are rapidly eliminated by renal excretion (7) . The metabolites are stable in urine and their assay is relatively simple (7, 9) . These properties, plus the absence of significant binding of the free drug to plasma proteins (10) , make salicylamide a convenient agent in the investigation of the effect of short-term physiologic perturbations such as artificial fever on drug metabolism.
The method used in these studies is based on a procedure developed and extensively employed by Vesell and his coworkers (11) (12) (13) (14) (15) in which each normal volunteer serves as his own control so that the rate of decay of a test drug is determined in each individual both before and after the introduction of some form of treatment. For example, using antipyrine half-lives in the plasma of identical and fraternal twins before and after treatment for 2 wk with phenobarbital, Vesell and Page (11) demonstrated that large differences among normal subjects in phenobarbital-induced reduction of plasma anti-' pyrine half-life were under very rigid genetic control. The method was later used to establish that the following drugs, administered in commonly employed doses for a given time, prolonged the metabolism of other therapeutic agents: nortriptyline (12) , allopurinol (12) , disulfiram (13) , and L-dopa (14) . Ethanol was shown to accelerate the metabolism of antipyrine (15 14 subjects underwent, in addition to the control studies, identical investigations during a period of fever induced by etiocholanolone The millimolar extinction coefficient of salicylamide standard was 0.220 under these assay conditions. Distilled water carried through in an identical manner served as a reagent blank. Salicylamide glucuronide in the urine samples was measured as free salicylamide after enzymatic cleavage of the B-glucosidic bond with f-glucuronidase. In a 25 ml Erlenmeyer flask, 1 ml of purified beef liver j6-glucuronidase (Ketodase, Warner-Chilcott Laboratories, Morris Plains, N. J.) containing 5,000 U of the enzyme, 2 ml of 0.4 M sodium acetate buffer (pH 4.5), and 5 ml of urine suitably diluted with 0.04 Ai sodium acetate buffer (pH 4.5) were added. The reagent blank was prepared in an identical manner with distilled water instead of urine. The flasks were sealed with rubber stoppers and incubated in a shaking water bath at 380C for 15 hr. Free salicylamide in the incubation mixture was then determined as described above. For salicylamide glucuronide in plasma, the incubation mixture was as follows: 1 ml of 0.4 M sodium acetate buffer (pH 4.5), 1 ml of 8-glucuronidase, and 1 ml of plasma. The mixture was incubated for 16 hr in a similar manner.
Salicylamide sulfate in the urine samples was determined as free salicylamide after enzymatic hydrolysis with aryl sulfatase partially purified from limpets (Sigma Chemical Co., St. Louis, Mo., Type III Sulfatase). Since all commercially available sulfatases are contaminated with trace amounts of j3-glucuronidase activity, known amounts of purified beef liver 6-glucuronidase were added to the reaction mixtures: in 25-ml Erlenmeyer flasks, 1 ml of aryl sulfatase dissolved in 0.1 M sodium acetate buffer (pH 5.2) containing 10,000 U' of the enzyme activity, 0.5 ml of #-glucuronidase, and 5 ml of urine diluted with 0.1 M sodium acetate buffer (pH 5.2) were added. The sealed flasks were incubated for 96 hr at 38°C in a shaking water bath and free salicylamide determined. The amount of salicylamide sulfate was calculated by substracting from this value the result of the salicylamide glucuronide assay. Nonenzymatic hydrolysis of salicylamide glucuronide, as well as sulfate, under identical incubation conditions in the absence of the enzymes was negligible.
Gentisamide glucuronide was subjected to acid hydrolysis and determined as gentisic acid (9). 1 ml of 6 N HCl and 5 ml of urine diluted with distilled water (so that the final concentration of gentisic acid in the hydrolysate was 0.05-0.08 mg/ml) were sealed in 10-ml glass ampules and heated in an oven at 100°C for 3.5 hr. 1 ml of the hydrolyzed urine was mixed with 0.5 ml of 7 N H2SO4, 9.5 ml of distilled water, and 20 ml of diethyl ether and shaken for 5 min. After centrifugation at 1,500 rpm for 5 min in a refrigerated centrifuge, 10 ml of the ether layer was transferred and shaken with 6 ml of 5%o (w/v) NaHCO3 for 5 min. After centrifugation, 5 ml of the NaHCO3 extract was transferred to a graduated centrifuge tube and 1 ml of concentrated HCl and 1 ml of N phenol reagent (Fisher Scientific Co.) were added. The volume of the mixture was brought to 10 ml with distilled water. It was allowed to stand at room temperature for 20 min and absorbance at 750 m, was read on a Cary 15 spectrophotometer. The concentration of gentisic acid was calculated 1 U of 8-glucuronidase is defined as the activity of the enzyme that hydrolyzed 1 ,cg of phenolphthalein glucuronide per hr at pH 4.5 and at 38°C. 41 U of sulfatase is defined as the activity of the enzyme that hydrolyzed 0.1 ,umole of nitrocatechol sulfate per hr at pH 5.0 and at 370C. 18 volunteers undergoing control studies during afebrile periods is tabulated in Table I . There was considerable individual variation in the amount of each of the metabolites excreted. Of the 1 g salicylamide administered, the volunteers excreted mean amounts of 548 mg as salicylamide glucuronide, 240 mg as salicylamide sulfate, and 127 mg as gentisamide glucuronide during the 4-hr periods of study. Thus, the mean recovery of the drug as metabolites was 92%. The recovery was virtually 100% with further prolongation of urine collections up to 24 Influence of Fever on1 Sallainfidcl Metabolism hr. Urinary excretion of unmetabolized salicylamide was negligible and amounted to 0-2% of the administered drug. Such trace amounts of free salicylamide were demonstrable in urine only during the initial 60-90 min after oral ingestions.
The plasma concentration of free salicylamide was nearly undetectable during all phases of the study. Trace amounts of salicylarmide glucuronide, averaging 0.015 mg/ml, were found in plasma during the initial 60 min of each study.
The time course of excretion of combined urinary metabolites showed that the excretion rate followed approximate first-order kinetics during the initial 2-3 hr of study. Fig. 2 shows the representative excretion rates of salicylamide metabolites observed in one of the volunteers. From such representation of excretion rates of combined metabolites, the initial half-lives of excretion (to) can be obtained. The mean value of tU in the present series of control studies was 72 min.
Because of the reports of sex differences in the rate of metabolism of certain drugs in experimental animals (18) (19) (20) , the data from the control studies were analyzed according to sex (14 males and 4 females). No significant differences in the pattern of distribution of urinary metabolites, the amounts of drug recovered during the investigations, or the apparent half-lives of metabolite excretion were noted between the two sexes.
Febrile responses to pyrogens. After the administration of etiocholanolone, the fever peak was noted in 9-12 hr. The mean AT was 2.20C. The febrile responses in the four female volunteers during etiocholanolone studies was significantly less than those of males (2). The peak of endotoxin-induced fever occurred about 4 hr after the administration of the pyrogen. The mean AT was 1.40 C. These findings concerning the febrile responses are consistent with previous reports on the pyrogenic properties of endotoxin and etiocholanolone in man (1-3) . Salicylamide, in the amount employed during the present studies, had no effect on the fever induced by Lipexal or etiocholanolone.
Salicylamide metabolism during etiocholanolone-induced fever. Table I summarizes the experimental results in each of the 15 volunteers during control and etiocholanolone studies. 6 of the 15 volunteers underwent control studies first and then had etiocholanolone studies 5-7 days later. In the remaining nine volunteers, etiocholanolone studies were carired out first, to be followed by control studies 5-7 days later. Results of etiocholanolone studies, when statistically analyzed, did not depend on whether they preceded or followed the control studies. The mean recovery of salicylamide as metabolites during the 4 hr period of etiocholanolone studies was 95% and was slightly higher than the mean recovery during control studies.
The mean value of salicylamide excreted as glucuronide decreased from 548 mg to 504 mg, representing a 13% decline in the proportion of the administered drug excreted as its glucuronide. The conversion of salicylamide glucuronide was significantly reduced (P < 0.001, t test) during etiocholanolone studies.
On the other hand, the amounts as well as the proportion of the drug excreted as salicylamide sulfate and gentisamide glucuronide were significantly increased during etiocholanolone-induced fever in comparison to results obtained during control studies. Mean amounts of these metabolites excreted were 271 mg and 172 mg, respectively,' for salicylamide sulfate and gentisamide glucuronide. These changes represent increases of 26-29% (P <0.01) and 14-18% (P <0.001) in the proportion of salicylamide excreted as salicylamide sulfate and gentisamide glucuronide, respectively. The initial rates of excretion of combined urinary metabolites of salicylamide were significantly more rapid during etiocholanolone studies (Fig. 2) Table II . In three volunteers, control studies preceded the Lipexal studies by 5-7 days, and in the remaining three volunteers, the order was reversed. Results of the Lipexal studies, upon inspection, did not appear to depend on whether they were preceded or followed by control studies, but the number of studies were too few for statistical analysis. The mean recovery of salicylamide as metabolites during Lipexal studies was 92% and did not differ significantly from that observed during control studies.
The mean value of the drug excreted as glucuronide was again noted to be decreased during Lipexal studies: from 548 mg to 494 mg (P = 0.05). 54% of the drug was excreted as glucuronide during the Lipexal studies in contrast to the 60% excretion noted during the control studies. As in the etiocholanolone studies, the amount of salicylamide excreted as its sulfate was significantly increased during Lipexal studies. The mean value of this metabolite excreted was 302 mg during the Lipexal studies as compared to 240 mg excreted during the control studies (P < 0.05). On the other hand, there was no signficant change in the amount of the drug excreted as gentisamide glucuronide. Analyses of plasma levels of salicylamide glucuronide during the etiocholanolone as well as the Lipexal studies showed only trace amounts of this metabolite (averaging less than 0.015 mg/ml), which was no different from the results observed during control studies.
The ti for excretion of combined metabolites was significantly shorter during the Lipexal studies than that observed during the control studies. The mean ti was 64 min during this fever period in contrast to 72 min noted during the control studies (P < 0.01). In both etiocholanolone and Lipexal studies, statistical analyses showed no correlation between any of the three parameters of febrile responses and the degree of changes in the metabolism or excretion of salicylamide.
Salicylamide metabolism in the high-temperature metabolic chamber. No fever was produced in the two volunteers placed in the high-temperature metabolic chamber. Due to efficient thermoregulation, their rectal temperatures were virtually identical to those observed during comparable periods of respective control studies. Despite this absence of fever, the amount of salicylamide excreted as glucuronide was substantially decreased in both volunteers (Table III) . Of interest was the fact that the to of combined metabolites showed considerable prolongation in both volunteers (Table III) in contrast to the results noted during the pyrogen studies. The amount of salicylamide sulfate excreted was slightly increased during the studies in the metabolic chamber. 
DISCUSSION
The study of factors influencing drug metabolism in man, although rapidly advancing at present (21) , is still in its infancy, and extrapolation from the available results of animal studies is not always possible (22) . This is particularly true of the present investigations. For, despite the pharmacological and clinical implications of possible alterations in drug metabolism by fever, there are virtually no published data describing the relationship between the physiological changes produced by fever on the one hand and the various metabolic functions that underlie drug metabolism on the other. Simple explanations for the fever-induced changes in the metabolism of salicylamide noted in the present study are not available, and plausable explanations have to be synthesized from the fragmentary and often anecdotal studies available in the litearture. Therefore, the speculative nature of the arguments presented below is to be emphasized.
The liver and kidney play a central role in the metabolism and excretion of salicylamide, respectively. All three of the biotransformation reactions involving the drug, viz. glucuronidation, sulfation and hydroxylation, are known to take place primarily in the liver (23, 24) , and all the reaction products are quantitatively recoverable in the urine. The virtually undetectable plasma levels of free salicylamide and the trace amounts of salicylamide glucuronide found in plasma during the present studies, together with the rapid recovery of the drug metabolites in the urine, indicate that salicylamide is metabolized and excreted rapidly after absorption, with a short, if any, interaction with hypothetical tissue binding sites.
The elevation of central body temperature by endotoxin or by extracorporeal heating of blood produces significant increases in hepatic as well as renal blood flows.
Bradley (25) showed that typhoid vaccine-induced fever in man was associated with marked increase in hepatic and renal blood flows, which largely accounted for the augmented cardiac output associated with fever. The elevation of body temperature by heating the blood in the pump in cardio-pulmonary bypass (26, 27) in rabbits and dogs results in increases in renal blood flow and in glomerular filtration rates.
On the other hand, if the central temperature is elevated by means of heating the body surface, e.g., by application of heat to the skin with water-perfused suits (28) or heating pads (29) , hepatic and renal blood flow declines. This is probably due to the redistribution of cardiac output toward arterioles of the skin and muscles (28) , where vasodilatation as a result of direct application of heat would be more pronounced.
These hemodynamic changes probably account for the accelerated rates of excretion of salicylamide metabolites observed in the volunteers during endotoxin-or etiocholanolone-induced febrile states. The rates of biotransformation of rapidly metabolized drugs may depend on hepatic blood flow (30, 31) , and the renal excretion of polar drug metabolites such as the salicylamide metabolites takes place by means of glomerular filtration with little subsequent tubular reabsorption (32) (33) (34) . The shortened ti values noted in our volunteers during pyrogen-induced febrile periods are probably related to increases in blood flow through the liver and kidney. These arguments are strengthened by our observation that in the volunteers subjected to external heating (Table III) , a situation where blood flow to these organs decrease, the ti values actually increased, with slower urinary excretion of salicylamide metabolites. The possible changes in the rates of the intestinal absorption of salicylamide accompanying altered splanchnic blood flow during fever are not likely to contribute significantly to these alterations in ti values, because experimental studies (35, 36) have shown that it takes changes in the splanchnic blood flow of many orders of magnitude greater than those seen in the hepatic blood flows in febrile human beings (25, 28) to produce noticeable changes in the rates of drug absorption.
It is more difficult to explain the alterations in the pattern of salicylamide metabolites excreted during febrile periods, viz. the decrease in the amount of salicylamide glucuronide excreted and the increase in the amounts of one or both of the other two metabolites. Since the total recovery of the administered salicyla~mide as metabolites was 92-95% during all studies and was nearly complete, the altered excretion pattern cannot be due to a preferential excretion of salicylamide sulfate and gentisamide glucuronide over salicylamide glucuronide. Furthermore, the plasma concentrations of the latter metabolite during pyrogen-induced fever were not higher than those ob-served during afebrile periods, which might have been the case had the other two metabolites been excreted more rapidly by the kidney. By exclusion, then, such alterations must be due to an alteration in the biotransformation of the drug, which, in the case of salicylamide, is primarily the function of the liver (23, 24) . In addition, it should be noted that considerable individual variation in the fever-induced responses was observed. The explanation for these findings is presently unknown.
Such an influence on the hepatic handling of the drug could be due to an increase in the liver temperature itself, augmented hepatic blood flow, or direct or indirect metabolic effects of the pyrogens themselves. Very little is known of the effect of the liver temperature or blood flow on the metabolic functions of the human liver in general, and on its drug-metabolizing capacity in particular. Recently, there has been an increasing amount of interest in the direct and indirect effects of pyrogens, especially endotoxin, on various metabolic functions of the liver. Thus, endotoxin impairs the oxidative metabolism of a number of substrates including fatty acids, pyruvate, and citrate (37) , increases plasma concentrations of cortisol and growth hormone (38) (39) (40) , and inhibits glucocorticoid induction of various hepatic enzymes (41, 42) .
One or more of these factors no doubt affect the complex biochemical pathways that eventually result in glucuronidation, sulfation, or hydroxylation of drugs in the liver. It is well known that each of these biotransformation reactions involves a series of enzyme-catalyzed reactions and that the over-all rate of each reaction is dependent on multiple factors such as the concentration of substrates or cofactors in the hepatocytes, the activity of enzymes catalyzing the key components of the reaction series, the endocrine status of the host, etc. (31, 43) .
With such a diversity of possible interactions, it is likely that the altered metabolism of salicylamide observed during febrile periods is the result of multiple, complex interactions between the effects of pyrogens, fever, or certain physiological, or biochemical changes associated with them on the one hand, and the factors affecting the hepatic metabolism of salicylamide on the other. The exact nature of such interactions is not known at present. Such a complex relationship could also explain the lack of quantitative relationship between the febrile responses and the metabolism of the drug noted during the present investigations.
